The purpose of this study is to develop a measuring device (SWELL) for lower leg swelling of the human during standing work tasks. The device consists of a flexible wire, a coil spring, and a flat spring with a strain gauge. It is demonstrated to be accurate enough for practically from the results of calibration test and heat test. The wire of the device is to be wound around the lower leg with proper tension and the strain that the flat spring produces is measured as the leg swelling develops. For a verification test, experiments were carried out to measure the swelling of the lower leg for thirteen subjects during prolonged standing. The results showed that the magnitude of the swelling increased almost linearly for 30 min and the relationship between the magnitude of the swelling and the subjective complaint of the leg was significant.
Introduction
In the assembly lines and cell production system workers' manual operations are mostly required. In the manual operations standing work tasks are desirable since they improve the productivity better and cause less lumber pains than sitting work tasks. The "just in time" method in many Japanese companies also emphasizes standing works (1) . However, standing works cause leg swelling, and long-term leg swelling increases the risk of developing pathological reactions such as varicose vein, thrombosis and pulmonary embolism (2) . In order to decrease such risks the design of workplace so as to reduce the leg swelling should be developed in the standing work tasks. However, the practical methods of the objective measurement for the leg swelling have not been developed yet.
In order to evaluate the swelling such factors are considered as lower-limb skin temperature (3) , venous pressure (4) , lymph flow (5) , tissue fluid pressure (6) , ultrasound and venography (7) , (8) , and bioelectrical impedance (9) - (12) . However, almost previous studies have just used a tape measure to measure the magnitude of the swelling itself. The measurements with the tape measure vary widely depending on the examiners. The measurement of the vol-ume of the lower leg by means of water displacement volumetry (WDV) has also been reported (13) . This method is attended with practical difficulties particularly in the workshop.
The purpose of this study is to develop a measuring device for the lower leg swelling during the standing work tasks. Particularly our goal is to develop a device to be used easily in actual workplaces. The device consists of a wire to be wound around the lower leg. A strain gauge is employed to sense the swelling. The accuracy of the device and the drift of the strain gauge due to the temperature are tested. Experiments were carried out to apply the device to standing work tasks for thirteen subjects. Figure 1 shows a measuring device of the leg swelling developed in this study. It is named as SWELL (Sensoring Wire for Edema of Lower Leg). The device mainly consists of a flexible wire, a coil spring, a flat spring, and a strain gauge (T44-FA2-350-11-VS015C). The wire and the flat spring are made of stainless steel. The both ends of the flat spring (10 × 20 × 0.3 t) are bent at 90 degrees. The coil spring and the wire (220 × 1.0 φ) are connected to the one end of the flat spring. The other end of the flat spring is fastened to the hard belt. When the wire is wound around the lower leg with proper tension, the flat spring produces strain as the leg swelling develops. The magnitude of the leg swelling is estimated by measuring the strain of the flat spring. Here the leg swelling is defined as follows:
Measuring Device
The magnitude of the leg swelling is expansion of the maximum circumference length of the lower leg. The unit is "mm". The ball chain is used to fix the wire to the other end of the flat spring adjusting the length of the wire. The wire refrains from digging into the skin of the leg due to the smooth paper belt in the figure. And also the smooth paper makes the wire move smoothly when the circumference length increases. A linear relationship was found between the expansion of the coil spring and the force in the tensile direction after repetitions of the measurements. The spring constant of the coil spring was 11.16 gf/mm. It is considered that the value is too small to inhibit the swelling of the leg. Figure 2 shows the appearance that the device SWELL is actually wound around the lower leg. It is located in the position where the circumference length of the lower leg is largest. It does not fall down due to the proper tension even if the leg moves. 
1 Calibration
Calibrations of SWELL were performed. The measurements of voltage output of the strain amplifier vs. the expansion of the coil spring were carried out. The results showed the proportionality between them within 10 mm expansion of the coil as shown in Fig. 3 . Nonlinearity and hysteresis are both sufficiently small. The proportionality constant was 0.13 V/mm.
Next the measurements of voltage output of the strain amplifier vs. the circumference length of the lower leg were carried out for three male subjects (22-24 years old) using a method as follows: First, an examiner wound a tape measure and SWELL around a subject's leg at the almost same position. Next, another examiner swelled the lower leg on purpose by pressing a part of the calf with a thumb. Finally, the read of the tape measure and the voltage output of the strain amplifier were recorded. The measurements were repeated ten times per each subject with varying strength of press. Figure 4 shows the results. They are plotted with increase of the circumference length of the lower leg in abscissa and increase of the output voltage from the strain gauge in ordinate. It is considered that the dispersion of the data is caused by the varying tension and misreading of the tape. However mutual relationship was sufficiently estimated from the results of measurement (r = 0.94). The proportionality constant was 0.11 V/mm. It has therefore been decided to employ the constant to obtain the magnitude of the leg swelling from the output voltage of SWELL. The constant is smaller than the one in Fig. 3 . This could be caused by the friction between the wire and the smooth paper when SWELL is wound around the leg.
2 Drift test
Strain gauge has a potential for a drift caused by the passage of time and temperature rises. First, the drift in the course of time was examined. The circumference length of a concrete cylinder (φ100 × 200) was measured using SWELL for 30 minutes. Figure 5 shows a result of the drift test. As shown in the figure the drift does not occur for 30 minutes. However SWELL may be sensitive against body heat of the lower leg.
Next, the circumference of the same concrete cylinder heated continuously was measured again using SWELL for 30 minutes. Figure 6 illustrates the apparatus of the thermal test. The concrete cylinder was put on an electric heater. The output voltage of SWELL was recorded every 1 second. The surface temperature of the concrete using an infrared thermometer and the room temperature were measured every 2 minutes. Figure 7 shows the results. The unit of the SWELL output is converted to mm in the first ordinate. The temperature of the concrete surface Fig. 7 Results of thermal test rose gradually from 28
• C to 36
• C. The output of SWELL reduced slightly as the concrete temperature rose, even though the drift of the strain gauge usually occurred upward due to the temperature. The reason could be that the metallic parts of SWELL expand by heat. However, it is supposed that the amount of change in the output of SWELL is sufficiently small because the surface temperature of the lower leg is around 32
• C.
Swelling during Prolonged Standing

1 Verification test
Experiments were carried out to measure the swelling of the lower leg for ten male and three female subjects, aged 21 to 24 without any histories of edematous pathology. The subjects were asked to keep standing without moving their legs and with peg operation task by their hands for 30 minutes as shown in Fig. 8 . Before starting the experiments they were asked to sit for 5 minutes. SWELL was wound around the subject's lower leg with proper tension, and the output voltage was recorded every 1 second. Figure 9 shows changes in the leg swelling defined by the circumference length. Each trace is grand average over thirteen subjects. The measuring wire of SWELL was wound at the position where the circumference of the lower leg was the largest. The magnitudes of the swelling are found to increase linearly, and the measured average magnitudes are 3.0 mm and 0.5 mm after standing and sitting for 30 minutes, respectively. These swellings mean the increases of extravascular fluid volume of the lower leg. They are caused by increased transcapillary filtration and reduced reabsorption of tissue fluid due to increased hydrostatic pressures in the blood vessels of the leg (11) . In the standing posture without moving, congestion due to depression of the calf muscle pump promotes the swelling further. The reason why the magnitude of the swelling in the standing work is 6 times as large as the one in the sitting posture is that the causes mentioned above are more remarkable in the standing. In order to verify the result of the measurement with SWELL, non-contact measurement using a digital camera was conducted. The pictures were taken from the righthand side of a subject as shown in Fig. 10 . Therefore twodimensional shapes in the sagittal plane were recorded. The diameter of the leg in the plane would increase as the swelling would occur. The distance between the camera and the lateral surface of the leg was set as 500 mm so that the knee and the ankle would be taken in the same picture. The camera had a 4-megapixel CCD. In order to measure the increase of the leg diameter, two pictures taken before and after being swollen were superimposed by manual operations using image-processing software. The reference plates attached to the surface of the leg were used for cal- ibrations and as marks in these operations. As a preparatory experiment accuracy of the pictures and resolution of the digital camera were measured by taking a picture of a test chart at the distance, 500 mm. As a result of the measurements, the width of 1-pixel was equivalent to 0.2 mm, and contractions of 1.3% were seen at the edges of the test chart. These values satisfied the specifications required to measure the leg swelling. The thirteen subjects mentioned above were asked again to do the similar standing work tasks on another day and the pictures of their leg were taken before and after the tasks. Figure 11 shows an example of the lower leg taken by the digital camera. It is the part of the leg where the swelling is the largest. The pictures taken before and after the 30 min standing work tasks are made into slices every 10 mm, and they are put alternatively. It is found that Fig. 12 Correlation between the swelling estimated by digital camera method and the one measured by SWELL (Maximum value for 30 min) the swelling can be seen as the displacement of the outline even after the standing work for as few as 30 minutes and the degree of the swelling depends on the part of the leg. On the assumption that the leg is circular in cross section and the swelling develops uniformly, the magnitude of the swelling defined in this study is roughly estimated by the calculation that the increase of diameter is multiplied by 3. Figure 12 shows the correlation between the magnitude of the swelling estimated by the digital camera method and the one measured by SWELL. There is a strong correlation between them. As a consequence, the validity of the measurement with SWELL was proved. As shown in Fig. 12 the values estimated by the digital camera method seem to be slightly larger than the measured values by SWELL. It would be caused by the assumptions of cross-sectional profile of the leg and the uniform swelling.
2 Swelling and subjective complaint scores
Investigation of fatigue was made during the experiment of standing work tasks mentioned before. Subjective complaint scores were obtained for each of leg dullness, low back dullness, upper limb dullness, and whole-body fatigue. Each score was recorded before and after the experiment, and expressed as a level numbered 1-10, with 1 being the lowest level and 10 highest. For control experiments, the subjects were also asked to keep sitting without doing anything for 30 minutes on another day. Figure 13 shows a relationship between the leg swelling and the subjective complaint score of the leg. The magnitudes of the swelling show the maximum values for 30 minutes. The swelling and the complaint are both small in the sitting posture, and both large in the standing. Spearman's rankorder correlation coefficient is 0.74 for all standing and sitting data (t-test, p < 0.01). The relationship is also significant during standing work tasks. The correlation coefficient is 0.56 (t-test, p < 0.05). Therefore the complaint can be estimated by the swelling of the leg. SWELL can be utilized to improve a workplace and to consider human Fig. 13 Relationship between the leg swelling and the subjective complaint score of the leg ( *: p < 0.05, **: p < 0.01) directed manufacturing system.
Conclusion
A measuring device (SWELL) for lower leg swelling of the human was developed and the accuracy of the device was checked. Experiments were carried out to measure the swelling of the lower leg in the standing work tasks. The results are summarized as follows:
( 1 ) SWELL consists of a flexible wire, a coil spring, and a flat spring with a strain gauge. The strain that the flat spring produces is measured as the leg swelling develops.
( 2 ) SWELL has the following characteristics regarding the accuracy and the temperature characteristic.
• A linear relationship exists between the voltage outputs of the strain amplifier and the expansion within 10 mm of the coil spring. Nonlinearity and hysteresis are both sufficiently small. • When SWELL is wound around the lower leg, the voltage output and the read of the tape measure for the leg swelling are in proportion to each other. The proportionality constant is 0.11 V/mm.
• As the temperature of the object to be measured rises, the output of SWELL does not increases but decreases slightly. The amount of decreasing is sufficiently small around the temperature of the lower leg. ( 3 ) SWELL can continuously measure the leg swelling defined as the increase of the circumference length of the leg. The magnitudes of the swelling increase linearly, and the measured average magnitudes are approximately 3.0 mm after standing for 30 minutes.
( 4 ) The validity of the measurement with SWELL was proved as compared with the measurement by a digital camera.
( 5 ) The relationship between the magnitude of the swelling and the subjective complaint of the leg was significant.
